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SUMMARY PAGE 

 
Problem 

Operating in a dangerously sensor-limited closed environment, submarine sonar operators 
using current systems are plagued by primitive sensory interfaces inherited from earlier 
hardware designs.  The inappropriate match to the operator’s perceptual capability results in 
inefficient, often ineffective operator performance.  These inefficiencies are exacerbated as 
submarines increasingly operate in the littoral where, at now reduced ranges from quieter 
threat targets, detection requires immediate action for crew safety.   

Findings 

Present use of the sonar operator’s auditory ability ignores the superior acuity of the 
mammalian binaural system.  In humans, this system is sensitive to minute instantaneous 
differences in phase, intensity and time of arrival between its’ two channels.  The present 
research developed, and perceptually tested, a binaural auditory display that optimized the 
noise correlation between a pair of formed listening beams. To generate the necessary 
perceptual characteristics essential for the binaural display, a breakthrough audio beam-
forming process was developed that formed beams from a simple linear hydrophone array 
which were focused at two different distances but in the same direction. This unique 
processing named Spatial Vernier Beamforming (SVBF) maintained the essential high noise 
correlation between the pair of formed directional beams.  Once appropriate beamforming 
was proven feasible, laboratory testing was undertaken to quantify perceptual performance.  
A representative sample of 14 sonar contacts were beamform processed, stored as wavefiles 
and systematically presented to a group of 17 highly experienced sonar operators.  Results 
show a highly significant 6.8 dB detection improvement over the current single beam display.  
This improvement represents the ability to acoustically detect targets at more than twice the 
distance currently achieved. 

Application 

The signal processing technology developed here will provide an advanced auditory display 
which allows immediate interaural comparisons of pairs of focused beams.  This broader 
coverage binaural real-time display is particularly well suited in littoral warfare.  Performance 
gains such as: 1) simultaneous vs. serial comparison of beams of different distance, for more 
rapid detection of acoustic changes (including transients), 2) increased real-time information 
on target distance, 3) reduced operator uncertainty and increased alerting cues from target 
motion 'across the head' during sequential ranging, will significantly enhance crew safety in 
modern close-in operations.  It can be linked to photonics mast display. 

 
The SVBF dual beam data is ideal for adaptive real-time signal processing, since the noise 
common to the two beams (which is highly correlated by beamform-design) can be 
mathematically removed to expose the target.  As a result SVBF processes are amenable to 
real-time digital signal extraction for 3-D audio displays which are ideal for situational 
awareness. 
 
Based upon our positive findings using the simpler linear sonar array, SVBF processing is 
currently undergoing theoretical application to the Wide Aperture Array (WAA) which has 
far better bearing resolution.  The broader bandwidth more perceptually useful WAA will 
provide a greater challenge to applying this spatial-vernier beam-forming technique to a more 
complex beam-formed array. 
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OPERATIONAL ABSTRACT 

 

Operating in a dangerously sensor-limited closed environment, submarine sonar operators 
using current systems are plagued by primitive sensory interfaces inherited from earlier 
hardware designs.  The inefficient match to the operator’s perceptual capability is 
exacerbated as submarines increasingly operate in the littoral where, at now reduced ranges 
from quieter threat targets, detection requires immediate action for crew safety.   

Present use of the sonar operator’s auditory ability ignores the superior acuity of the 
mammalian binaural system.  In humans, this system is sensitive to minute instantaneous 
differences in phase, intensity and time of arrival between its’ two channels.  This research 
developed, and perceptually tested, a binaural auditory display that optimized the noise 
correlation between a pair of formed listening beams. To generate the necessary perceptual 
characteristics essential for the binaural display, a breakthrough audio beam-forming process 
was developed that formed beams from a simple linear hydrophone array which were focused 
at two different distances but in the same direction. This unique processing named Spatial 
Vernier Beamforming (SVBF) maintained the essential high noise correlation between the 
pair of formed directional beams.  Once appropriate beamforming was proven feasible, 
laboratory testing was undertaken to quantify perceptual performance.  A representative 
sample of 14 sonar contacts were beamform processed, stored as wavefiles and systematically 
presented to a group of 17 highly experienced sonar operators.  Results show a highly 
significant 6.8 dB detection improvement over the current single beam display.  This 
improvement represents the ability to acoustically detect targets at more than twice the 
distance currently achieved. 

The signal processing technology developed here will provide an advanced auditory display 
which allows immediate interaural comparisons of pairs of focused beams.  This broader 
coverage binaural real-time display is particularly well suited in littoral warfare.  Performance 
gains such as: 1) simultaneous vs. serial comparison of beams of different distance, for more 
rapid detection of acoustic changes (including transients), 2) increased real-time information 
on target distance, 3) reduced operator uncertainty and increased alerting cues from target 
motion 'across the head' during sequential ranging, will significantly enhance crew safety in 
modern close-in operations.  It can be linked to photonics mast display. 

 
The SVBF dual beam data is ideal for adaptive real-time signal processing, since the noise 
common to the two beams can be mathematically removed to expose the target.  As a result 
SVBF processes are amenable to real-time digital signal extraction for presentation  in 3-D 
audio displays which are ideal for situational awareness. 
 
Based upon our positive findings using the simpler linear sonar array, SVBF processing is 
currently undergoing theoretical application to the Wide Aperture Array (WAA) which has 
far better bearing resolution.  The broader bandwidth more perceptually useful WAA creates 
a greater challenge to applying this spatial-vernier beam-forming technique to a more 
complex beam-formed array. 
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ABSTRACT 

Operating in a dangerously sensor-limited closed environment, submarine sonar operators are 
plagued by primitive sensory interfaces inherited from earlier hardware designs.  The 
inefficient match to the operator’s perceptual capability is exacerbated as submarines 
increasingly operate in the littoral where, at now reduced ranges from quieter threat targets, 
detection requires immediate action for crew safety.   

Present use of the sonar operator’s auditory ability ignores the superior acuity of the 
mammalian binaural system.  In humans, this system is sensitive to minute instantaneous 
differences in phase, intensity and time of arrival between its’ two channels.  This research 
developed, and perceptually tested, a binaural auditory display that optimized the essential 
noise correlation between a pair of formed listening beams. To generate the necessary 
perceptual characteristics for the binaural display, a breakthrough audio beam-forming 
process formed beams from a simple linear hydrophone array which were focused at two 
different distances but in the same direction. This unique processing named Spatial Vernier 
Beamforming (SVBF) maintained the essential high noise correlation between the pair of 
formed directional beams.  Once appropriate beamforming was proven feasible, laboratory 
testing was undertaken to quantify perceptual performance.  A representative sample of 14 
sonar contacts were beamform processed, stored as wavefiles and systematically presented to 
a group of 17 highly experienced sonar operators.  Results show a highly significant 6.8 dB 
detection improvement over the current single beam display.  This improvement represents 
the ability to acoustically detect targets at more than twice the distance currently achieved. 

This signal processing technology provides an advanced auditory display which allows 
immediate interaural comparisons of pairs of focused beams.  This broader coverage binaural 
real-time display is particularly well suited in littoral warfare.  Performance gains such as: 1) 
simultaneous vs. serial comparison of beams of different distance, for more rapid detection of 
acoustic changes (including transients), 2) increased real-time information on target distance, 
3) reduced operator uncertainty and increased alerting cues from target motion 'across the 
head' during sequential ranging, will significantly enhance crew safety in modern close-in 
operations.  It can be linked to photonics mast display. 
 
The SVBF dual beam data is ideal for adaptive real-time signal processing, since the noise 
common to the two beams can be mathematically removed to expose the target.  As a result 
SVBF processes are amenable to real-time digital signal extraction for presentation in 3-D 
audio displays which are ideal for situational awareness. 
 
Following positive findings using the simpler linear sonar array, SVBF processing is 
currently undergoing theoretical application to the Wide Aperture Array (WAA) which has 
far better bearing resolution.  The broader bandwidth more perceptually useful WAA creates 
a greater challenge to applying this spatial-vernier beam-forming technique to a more 
complex beam-formed array. 
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INTRODUCTION 
 
The primary objective in this research is to apply the most sensitive capabilities of human 
auditory perception to sonar systems.  Our present use of the sonar operator's auditory 
ability ignores the superior acuity of the mammalian binaural system.  Heightened in 
lower species through moveable and enlarged external ears (pinna), this system, 
effectively used for determining spatial location of a predator, is sensitive to minute 
differences in phase, intensity and time of arrival between its two channels.  We will use 
this heightened interaural sensitivity to enhance detection of relative differences between 
two simultaneously received external channels. 
 
Because of the reductions in steady-state tonal information from targets, signal-averaging 
(time-integrating) target-detection systems are losing their long-range detection 
advantage.  Operating in a dangerously sensor-limited closed environment, submarine-
sonar operators using current systems are plagued by primitive sensory interfaces 
inherited from earlier hardware designs.  The inappropriate match to the operator’s 
perceptual capability results in inefficient, often ineffective, operator performance.  These 
inefficiencies are exacerbated as submarines increasingly operate in the littoral where, at 
now reduced ranges from quieter threat targets, detection requires immediate action for 
crew safety.  Normally, as a function of propagation losses through water, higher 
frequencies radiated from the target are reduced.  Now, as a consequence of closer ranges 
the upper-bandwidth of the available signal has increased.  These extended bandwidth 
conditions are appropriate for auditory perception if the signal is presented in a 
perceptually optimal manner.  It is commonly accepted that rapid detection and 
classification of acoustic transients is best performed by listening to the acoustic 
environment.  However, on current passive sonar systems the operator listens to the 
output of a single high-gain formed beam that can be “trained” in azimuth.  All 
comparisons of the acoustic signal occurring at various bearings relative to own ship are 
made serially. 
 
In the everyday world, both the detection and localization of sounds in auditory space 
that is cluttered with ambient interfering stimuli or “noise” depends on the binaural 
system.  The two ears sample the sound field on either side of the head and, as a result of 
their positions and external geometry, receive different information.  Time differences at 
low frequencies, amplitude differences at higher frequencies and sound reflection 
differences into the ear canal caused by the unique shape of the outer ear are all available 
for inter-aural comparison.  Directional information, distance information, elevation of 
sound sources and other spatial cues are constantly binaurally processed for affirmation 
against other sensory cues.  Without such information, performance is severely degraded 
using only one of the two ears.  Numerous investigations noted by Jeffress (1972), by 
Durlach (1972), Durlach and Colburn (1978) and Blauert (1983) have documented and 
attempted to quantify these binaural phenomena.  Any improvement in detection that 
results from using two ears instead of one is called masking level difference (MLD).  
Since the early work by Hirsch (1948) to quantify the detection advantage afforded by 
binaural presentation using tones in noise, and by Licklider (1948) using speech signals, 
literally hundreds of laboratory studies have refined knowledge of binaural sensory 
processes.  All of this binaural sensory processing relies upon the consistency and 
predictability of the environment in terms of physical acoustics.   It is therefore essential 
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that any novel binaural presentation of information maintain the essential characteristics 
of the real world environment.  
 
In passive sonar systems an array of listening hydrophones is used to gather the acoustic 
signal (see Figure 1).  So-called beamforming is used to time-align the signal arriving at 
the individual hydrophones in the array from a particular direction.  For a particular 
direction, the signals from farthest hydrophones are processed with least delay, while 
those closest to the selected direction are delayed the most.  Compensating for time-of-
arrival differences, due to the relative location of each hydrophone in the configured 
array, allows the signal emanating from a particular direction to be summed.  In that 
time-alignment process, the natural correlation that existed in the noise surrounding 
adjacent hydrophones is destroyed for a reason.  Since the sea-noise in the time shifted 
signal from each hydrophone is de-correlated, it does not sum.  But, the signal from the 
selected direction does.  Most relevant, is the fact that under those currently existing 
beamforming constraints, forming a similar directional beam a few degrees different in 
azimuth will generate a composite background noise substantially different from that 
generated in the adjacent formed beam (Deeb, 2004).  That is drastically different to the 
interaural noise heard in a real-world sound field. 
 

 
 

 
 
 
Using novel simulta
display, which allow
to the actual implem
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the two ears in a real-world acoustic sound field.  Further, the pair must be able to 
sequentially and smoothly traverse in azimuth across the sound field. 
 
The critical aspects here are the ability to recreate the high degree of noise cross-
correlation between beams, that physically exists when two directional beams overlap 
nearly entirely.  To the extent that they are projected to slightly different locations, minor 
instantaneous differences occurring in the two channels should become salient if the 
background noise in each beam cross-correlates to a high degree.  Implicitly, the fidelity 
of the processed signal must be preserved. 
 
In the recent past, the auditory signal received at the sonar operator's ear had been 
progressively degraded in sound quality due to its role having been supplanted by signal-
averaging processes (Gersch, et al, 1979; Russotti, 1987a, 1987b; Russotti & Marshall, 
1987; Hanna et al, 1988; Marshall & Nash, 1990).  Evolving signal-processing 
techniques had been optimized to enhance sonar-operator performance for visually 
presented information.  However, those processing techniques can degrade the auditory 
signal (Russotti et al, 1993).  As applied in older sonar system design, the poor quality of 
digitally processed audio stems from the fact that digitization parameters were selected 
for their influence on visual displays.  Fortunately, newer Virginia Class 3CI (Command, 
Control, Communication, and Intelligence) consoles and A-RCI (Advanced Rapid COTS 
Insertion) sonar consoles have successfully addressed many of these fidelity issues 
through dual channel audio-quality D/A (digital/analog) converters (Heller et al, 2000, 
Russotti and Schwaller, 2001). 
 
Given the dual-channel high-resolution auditory interface available on these upgraded 
systems, perceptually relevant beamforming modifications are possible.  Appropriate 
digital processing provides the opportunity to employ sophisticated dual-beam signal 
presentation techniques to enhance auditory sonar performance by using innate binaural 
sensitivity.  Data show a significant improvement in detection of sonar targets using an 
extended-frequency binaural laboratory display which synthetically provides target and 
noise in one ear and highly correlated noise to the other ear (Russotti & Wojtowicz, 
1989).  These data also delineate the decrement in performance as a function of reduced 
noise correlation between the two ears and specify the minimum degree of correlation 
required for the display. 
 
The demonstration of this binaural advantage or MLD for tones in noise was documented 
by Hirsch (1948), using pure-tone detection-threshold measurement.  Similar laboratory 
manipulations using actual sonar targets in sea-noise were conducted by Kerivan (1980), 
who showed a 5 to 7 dB improvement under one of the conditions reported by Hirsch.  In 
that experiment the binaural difference was created by reversing the phase of the target in 
the two ears, while retaining the identical phase of the noise at both ears.  Russotti & 
Wojtowicz (1989) applied a more practical experimental binaural presentation, using 
target and noise in one ear and highly correlated noise in the other ear.  Binaural 
detection improvement to actual sonar targets in sea-noise was measured as a function of 
varying degrees of interaural noise correlation.  Figure 2 presents a portion of the 
detection performance data from that research, which shows a significant improvement in 
detectability, of a sample of 16 targets, as a function of presenting different information 
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Figure 2. Effects of interaural noise correlation on binaural target detection.

to the two ears (dichotic), over same information to both ears (diotic), while keeping 
bandwidth exactly the same.  Further, improvement increased as the degree of interaural 
noise correlation, in the experimental condition, increased.  There was a significant 
increase in target detectability as the interaural noise correlation increased from 85% to 
100%.  Though the method of binaural presentation was different, interaural noise 
correlation effects were in agreement with the work of Robinson and Jeffress (1963) who, 
like many others, artificially reversed the interaural phase of the target while keeping the 
noise to each ear in phase.  Such detection improvement is operationally highly 
advantageous, since 6 dB threshold gain doubles the distance or range for initial 
detection.   
 
In the practical application of binaural perceptual improvement to auditory sonar systems, 
a steerable binaural spatial-display was devised, and demonstrated in laboratory 
simulations, which applied simultaneous “beamforming” to generate different 
information to each ear.  These differences are achieved by presenting beams of  slightly 
offset bearing to each ear, so that simultaneous comparisons between adjacent formed 
beams could be made inter-aurally.  As the beams are trained across azimuth any 
detectable target is first heard in one ear and then, as the second formed beam passes over 
it, in the other ear.  For near-threshold targets, the simultaneous information in the other 
ear is noise alone.  Using this dual-beam method of binaural presentation approaches the 
experimental condition of target and noise in one ear and noise alone in the other.  
Importantly, it creates a dynamic interaural change at the two ears, as would a moving 
sound source in the environment.  This display is in contrast to current displays where 
with a single beam the operator makes serial-listening comparisons as he traverses 
beams.  In effect, the proposed display exploits the human auditory system's binaural 
ability to spatially detect a difference in sound between two channels, to create the  
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conditions for binaural improvement.  In addition, the alerting aspects afforded by the 
apparent motion of the detectable sound of the target as it is perceived to travel across the 
head may reduce the operator's criterion for initially recognizing and reporting the 
presence of a contact.  As a further advantage the pair of formed beams, if separated to a 
greater degree, can double the spatial monitoring available to the operator for close in 
monitoring of super-threshold events, such as transients.   
 
 
PROCEDURE 
 
Beamforming Assessment 
Beamforming feasibility studies were conducted at Naval Undersea Warfare Center 
(NUWC), Newport to determine the possibility of generating appropriate beamformed 
data using novel processing algorithms and hydrophone arrays.  The goals were:  a) To 
have the highest cross-correlation at different separations in formed beams; b) To provide 
the greatest difference in target intensity between the two focused beams.  The ideal 
presentation maintains the highest possible noise-cross-correlation at a useful beam 
separation.  The greater the degree of angular or distance separation, the more likely the 
two formed beams will provide the greatest relative difference in target intensity to create 
target and noise in one ear and (effectively) noise alone in the other.  The product of this 
research phase provided theoretical evaluations of dual-beam characteristics.  NUWC 
collaborators were tasked to provide theoretical data on the noise cross-correlation and 
target level difference between adjacent beams (in bearing) independently formed from 
the same hydrophone elements of a single array as a function of beam separation.  From 
this analytical research, alternate beamforming algorithms evolved that are intended to 
maximize the degree of dual-beam cross-correlation over initial algorithms.   

 

Figure 3.  SVBF focuses formed beams to different distances at the same bearing

CONTACTS “IN FOCUS” HAVE 
INCREASED SNR AND ARE NOT 
“SMEARED” ON THE DISPLAY 
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Assessment, using conventional arrays of various configurations, showed that 
conventional beamforming obliterated the natural noise correlation that should exist 
between adjacent areas.  Our requirements drove the design of new processing for 
binaural presentation called Spatial Vernier Beamforming (SVBF) which was applied to 
the simplest of arrays, the line array. 
 
As seen in Figure 3, by focusing to different distances, SVBF signals are analogous to 
those created when focusing a camera to different distances.  In the camera optics, the 
target image is blurred at all focal distances other than the actual distance to the object.  
Similarly SVBF uses pairs of preformed focused beams in a single direction and 
generates a high signal level when the target is at the focal length of the beam.  Similar to 
the photo-images, the target trace seen in the extreme right panel becomes less visible in 
each succeeding panel to the left.  Because the beams are focused in the same direction, 
the essential high cross-correlation of ocean noise is maintained with the target level 
greater in one ear.  This target level difference is graphically presented in Figure 4. 
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Subjects 
Seventeen highly experienced submarine sonar operator supervisors were used as 
listeners.  All had normal hearing in both ears as measured by routine audiometry.   
 
Experimental Design 
A two-way repeated measures design was used to present the normal and experimental 
binaural listening conditions.  Target order and presentation condition were randomized. 
 
Stimulus Characteristics 
Dual channel signal-processed wave files of each of the 14 targets were stored in a matrix 
for presentation according to rule.  For each of the 2 presentation conditions, the matrix 
for each target, consisted of a “stereo” pair of processed wave files in which the 
beamformed target was systematically embedded in sea-state-2 noise over a range of 
signal-to-noise ratios (S/Ns).  The S/Ns ranged from 0 dB (target and noise equal in 
level), to –40 dB (target 40 dB below the noise).  In the SVBF matrices, the left and right 
channels contained the appropriate differences, in the conventional matrices the 
information in the “stereo” pair was identical.  Conventional and SVBF beamforming 
was modeled from a linear array. 
 
Test Procedure 
Subjects were seated in a sound-booth, and listened over a pair of Sennheiser HD 250 
closed circumaural (around the ear) headphones.  Responses were collected using a 
handheld pushbutton switch.  Target detection threshold was estimated by rule using an 
adaptive tracking technique that was developed from the modified International 
Standards Organization threshold-tracking procedures described by Harris (1980). 
 
The adaptive tracking technique used in threshold estimation required the subject to 
respond by pressing and releasing a button within specified time limits to indicate target 
onset and termination within a sea-noise background.  The onset of the sea-noise 
background indicated the start of each listening-trial.  Target-onset within the listening-
trial was random.  Target “on time” (duration) within the sea-noise was approximately 6 
seconds.  At the start of each trial, the subject first heard the target at 0 S/N, for a 
“familiarization” period.  When the subject indicated he was ready, adaptive tracking 
testing began, and the target was presented, embedded in the noise, for a response at an 
appropriate S/N.  If undetected, a more positive (easier) S/N was presented on the next 
trial; if detected, a more negative S/N was presented next from the matrix.  As trials were 
presented, a change in performance from detection to failed detection, or its converse, 
was counted as a reversal in response.   

 
The dB value half-way between successive reversals during a trial was recorded as 
threshold.  From this, the absolute value of that threshold's deviation from the trial 
accumulated mean threshold was derived.  The sum of these absolute values was used to 
determine the “average deviation” (AD), which had to be 2 dB or less.  At the end of 6 
thresholds, if the value of the average deviation exceeded 2, additional thresholds were 
measured until 6 successive thresholds yielded an AD of 2 dB or less.  Once this criterion 
was met, the averaged threshold and AD were recorded for the completed trial.   
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RESULTS AND DISCUSSION 
 
Data were subjected to a 2-way analysis of variance for repeated measures (Winer 1962).  
As seen in Table 1, results showed a significant difference in detection of targets with the 
experimental binaural display.  As expected, individual targets are significantly different 
from one another in detection threshold.  Also expected is the finding that differences in 
target detectability occur as a function of the display. 
 
Table 1. Results of 2-way repeated measures analysis of variance 

 
Source of Variation SS df MS F p 

Targets 2077.2 13 159.8 20.708 0.000000 
Error 1604.9 208 7.7   
      
Beam-type 5560.5 1 5560.5 91.740 0.000000 
Error 969.8 16 60.6   
      
Target x Beam-type 371.3 13 28.6 2.723 0.001413 
Error 2181.5 208 10.5   

 
These results are best seen in Figure 5 which graphs the significant increase in 
detectability of all targets in the sample under the SVBF binaural presentation.  Note that 
the averaged increase across targets was 6.8 dB.  The figure graphs mean detection-
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threshold performance for each target, under both the conventional presentation and the 
spatial-vernier beam-pair.  The error bars represent standard error of the mean.  Detection 
advantage afforded by the SVBF display is also shown for each target.  This detection 
advantage ranged from 12 to 4 dB.  Note that, for each target, the variability in 
performance using the new SVBF binaural display was not much different from that 
found with the normal highly-familiar presentation.  Again, given the fact that a 6 dB 
increase in is a doubling in distance from the target, these results are compelling.  Unlike 
most novel situations, the variability in detection performance remained low with the new 
binaural display.  Listening to the presentation, near threshold, quickly explains this 
outcome.  The target is perceived to enter from “outside” the noise-field, and to one side.  
More striking is the ease in detecting the disappearance of the target.  In the normal 
presentation detecting target onset is not as difficult as detecting when it fades.  In the 
SVBF dual-beam presentation the disappearance of the target is quite salient as it ceases 
to emanate from “outside” the noise-field. 
 
 
CONCLUSIONS 
 
At the outset, we stated that the primary objective in this research was to apply the most 
sensitive capabilities of human auditory perception to passive sonar.  It would be short 
sighted for sonar display developers to assume that the final outcome of these findings 
would simply be an auditory listening display.  The unique aspect of this processing, is 
that it is a real-time display that applies human binaural signal processing to detect the 
presence of a spatially isolated signal in a complex field.  Adaptive filtering can extract 
the localized real-time signal at a far more favorable S/N for further acoustic analysis or 
even code the unique target signature into a spatial presentation for contact management.  
Most relevant is the fact that, unlike time integrating signal analysis systems, the entire 
spectral envelope remains intact as a single sound source.  Importantly, the real-time 
aspect is relevant for information, including temporally brief information, requiring 
immediate action. 
 
The present research applied SVBF processes to the most basic current array, the line 
array.  Follow-on from this research was a transition to apply this process to a more 
operationally useful, but far more complex, hydrophone array, the Wide Aperture Array 
or WAA.  This research is currently underway using the same approach of signal analysis 
followed by signal processing of actual targets for assessment through human 
performance testing.  From these performance results a beamforming methodology, 
perhaps independent from that successfully used for visual display presentation, will be 
recommended.  This research would then become transitioned to 6.4 development.  As an 
independent processor, now feasible within the modular design of Virginia class, 
hardware/software development could feasibly be accelerated for at-sea testing. 
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Statement of Significance: Technology developed here will provide crucial 
specifications for a tactical display that allows immediate interaural comparisons of 
angularly separated pairs of formed beams.  This broader coverage binaural real-time 
display is ideal in littoral warfare.  Performance gains such as simultaneous vs. serial 
comparison of beams of different azimuth or elevation, for rapid detection of acoustic 
changes (including transients), increased alerting cues from target apparent-motion 
"across the head" during sweep, and reduced operator uncertainty will significantly 
enhance crew safety in close-in operations. 
 
 
 
 



5(3257�'2&80(17$7,21�3$*( )RUP�$SSURYHG

20%�1R�����������

����5(3257�'$7(��''�00�<<<<� ����5(3257�7<3(�

����7,7/(�$1'�68%7,7/(

�D���&2175$&7�180%(5

����$87+25�6�

����3(5)250,1*�25*$1,=$7,21�1$0(�6��$1'�$''5(66�(6�

����6321625,1*�021,725,1*�$*(1&<�1$0(�6��$1'�$''5(66�(6�

���3(5)250,1*�25*$1,=$7,21

����5(3257�180%(5

����6321625�021,725
6�$&521<0�6�

����6833/(0(17$5<�127(6

����',675,%87,21�$9$,/$%,/,7<�67$7(0(17

����$%675$&7

����68%-(&7�7(506

����180%(5

������2)�

������3$*(6

��D��1$0(�2)�5(63216,%/(�3(5621�

��D���5(3257

E��$%675$&7 F��7+,6�3$*(

����/,0,7$7,21�2)

������$%675$&7

6WDQGDUG�)RUP������5HY�������

3UHVFULEHG�E\�$16,�6WG��=�����

7KH�SXEOLF�UHSRUWLQJ�EXUGHQ�IRU�WKLV�FROOHFWLRQ�RI� LQIRUPDWLRQ�LV�HVWLPDWHG�WR�DYHUDJH���KRXU�SHU�UHVSRQVH�� LQFOXGLQJ�WKH�WLPH�IRU�UHYLHZLQJ�LQVWUXFWLRQV��VHDUFKLQJ�H[LVWLQJ�GDWD�VRXUFHV�

JDWKHULQJ�DQG�PDLQWDLQLQJ�WKH�GDWD�QHHGHG��DQG�FRPSOHWLQJ�DQG�UHYLHZLQJ�WKH�FROOHFWLRQ�RI�LQIRUPDWLRQ���6HQG�FRPPHQWV�UHJDUGLQJ�WKLV�EXUGHQ�HVWLPDWH�RU�DQ\�RWKHU�DVSHFW�RI�WKLV�FROOHFWLRQ

RI� LQIRUPDWLRQ�� LQFOXGLQJ� VXJJHVWLRQV� IRU� UHGXFLQJ� WKH� EXUGHQ�� WR� 'HSDUWPHQW� RI� 'HIHQVH�� :DVKLQJWRQ� +HDGTXDUWHUV� 6HUYLFHV�� 'LUHFWRUDWH� IRU� ,QIRUPDWLRQ� 2SHUDWLRQV� DQG� 5HSRUWV

������������������-HIIHUVRQ�'DYLV�+LJKZD\��6XLWH�������$UOLQJWRQ��9$���������������5HVSRQGHQWV�VKRXOG�EH�DZDUH�WKDW�QRWZLWKVWDQGLQJ�DQ\�RWKHU�SURYLVLRQ�RI�ODZ��QR�SHUVRQ�VKDOO�EH

VXEMHFW�WR�DQ\�SHQDOW\�IRU�IDLOLQJ�WR�FRPSO\�ZLWK�D�FROOHFWLRQ�RI�LQIRUPDWLRQ�LI�LW�GRHV�QRW�GLVSOD\�D�FXUUHQWO\�YDOLG�20%�FRQWURO�QXPEHU�

3/($6(�'2�127�5(7851�<285��)250�72�7+(�$%29(�$''5(66���

����'$7(6�&29(5('��)URP���7R�

�E���*5$17�180%(5

�F���352*5$0�(/(0(17�180%(5

�G���352-(&7�180%(5

�H���7$6.�180%(5

�I���:25.�81,7�180%(5

����6321625�021,725
6�5(3257�

������180%(5�6�

����6(&85,7<�&/$66,),&$7,21�2)�

��E��7(/(3+21(�180%(5��,QFOXGH�DUHD�FRGH�



                                                                                                                                                  Form Approved  
             REPORT DOCUMENTATION PAGE                                                        OMB No. 0704-0188   
   
   
 

beam-forming process formed beams from a simple linear hydrophone array which were focused at two 
different distances but in the same direction. This unique processing named Spatial Vernier Beamforming 
(SVBF) maintained the essential high noise correlation between the pair of formed directional beams.  Once 
appropriate beamforming was proven feasible, laboratory testing was undertaken to quantify perceptual 
performance.  A representative sample-group of 14 sonar contacts were beamform processed, and 
systematically presented to a group of 17 highly experienced sonar operators.  Results show a highly 
significant 6.8 dB detection improvement over the current single beam display.  This improvement 
represents the ability to acoustically detect targets at more than twice the distance currently achieved. 

This signal processing technology provides an advanced auditory display which allows immediate interaural 
comparisons of pairs of focused beams.  This broader coverage binaural real-time display is particularly 
well suited in littoral warfare.  Performance gains such as: 1) simultaneous vs. serial comparison of beams of 
different distance, for more rapid detection of acoustic changes (including transients), 2) increased real-time 
information on target distance, 3) reduced operator uncertainty and increased alerting cues from target 
motion 'across the head' during sequential ranging, will significantly enhance crew safety in modern close-in 
operations.  It can be linked to photonics mast display. 
 
The SVBF dual beam data is ideal for adaptive real-time signal processing, since the noise common to the 
two beams can be mathematically removed to expose the target.  As a result SVBF processes are amenable 
to real-time digital signal extraction for 3-D audio displays which are ideal for situational awareness. 
 
Following positive findings using the simpler linear sonar array, SVBF processing is currently undergoing 
theoretical application to the Wide Aperture Array (WAA) which has far better bearing resolution.  The 
broader bandwidth more perceptually useful WAA creates a greater challenge to applying this spatial-
vernier beam-forming technique to a more complex beam-formed array. 
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